Purpose of Review Adolescent depression is a major public health concern associated with severe outcomes. A lack of efficacious interventions has triggered an increase in cognitive neuropsychology research to identify relevant treatment targets for new interventions. This review summarises key neurocognitive findings in adolescent depression and explores the potential of neurocognitive markers as treatment targets in new interventions. Recent Findings Studies support difficulties in the voluntary deployment of attention towards and away from emotional stimuli, negative interpretation biases and overgeneralised autobiographical memories in adolescent depression; however, little evidence is given to a general decline in executive function. There is consistent evidence for abnormalities in several distributed neural networks in adolescent depression, including dysfunction in and between the amygdala, medial prefrontal cortex and ventral striatum. Summary The relationships between different cognitive biases and abnormalities in specific neural networks remain unclear. Several new experimental interventions targeting these neurocognitive markers await evaluation.
Introduction
Depression is a major public health concern and leading cause of morbidity worldwide [1] . Many cases of depression start in youth [2] , which may be associated with greater illness burden than depression starting in adulthood [3] ; effects include poor social relationships and networks, low educational attainment, unstable employment, further serious mental health problems and suicide [4, 5] . Due to concerns that the prevalence of depression is rising in this young age group [6] and a consistent failure to produce well-replicated efficacious treatments in adolescent depression [7] , a growing research focus has been on elucidating neurocognitive markers of adolescent depression and their potential as treatment targets in new interventions. Here, we review maladaptive patterns of information processing and associated patterns of neural dysfunction found to characterise adolescent depression. We evaluate the potential of these as risk markers and conclude by briefly considering their potential as treatment targets in the development (and evaluation) of novel early interventions.
Maladaptive Patterns of Information Processing in Youths with Depression

Attention Biases for Negative over Positive Materials
Attention biases refer to the preferential allocation of attention towards (or away) from negative over non-negative stimuli. As an increased focus on negative over positive materials can magnify perceived negativity in the environment, this maladaptive style of processing could maintain and influence depressive affect. Studies have reported a selective bias for negative and/or unpleasant stimuli among depressed youth [8] , particularly when these stimuli are presented for long durations. However, studies of community youth have reported more mixed findings. Some studies have found a relationship between negative attention bias for negative faces and depressive symptoms [9] , whereas others have found no relationship [10] or the relationship is better explained by anxiety [11] . Still, other studies have only found associations when a third variable is taken into account, such as genotype [12] or low (not high) effortful control (indicator of poor executive control) [13] . A few studies have measured attention biases away from positive materials: one study tracked participants' eye movements whilst passively viewing emotional faces, finding that unlike adults with depression, depressed youth spent longer attending to happy compared with sad faces [14] .
Studies investigating whether attention biases are a vulnerability factor for depression have found conflicting results. In studies of non-depressed children of depressed mothers (compared with never depressed mothers), two studies found an attention bias towards sad faces [15, 16] whilst two others found attentional avoidance of sad faces [17, 18] but these latter effects were moderated by high suppression [17] and serotonin transporter genotype [18] . Additionally, a study that investigated attention bias in the mother and child showed that youth of depressed (or anxious) mothers manifested a negative attention bias to negative stimuli if the mothers showed reduced attention bias to positive information (relative to controls) [19] .
Interpretation Biases
Interpretation biases refer to a tendency to draw negative inferences, causes or outcomes from ambiguous cues. Depressed youth select more negative meanings of words in homophone/homograph tasks [20] and endorse more negative interpretations and fewer positive interpretations of ambiguous information relative to controls [21, 22] . Interpretation biases also show a positive correlation with depressive symptom severity [11, 20, 22, 23] . However, given the high cooccurrence of anxiety within depressed individuals, and findings of an association between anxiety and biased threat interpretations [24] , anxiety may account for the findings: one study suggested that the relationship between interpretation biases and depression is independent of anxiety [20] , whereas another suggested the opposite [11] .
There is initial evidence that interpretation bias may increase risk for depression. One study found that interpretation biases predicted increased depression symptoms 4-6 weeks later in a student sample [25] , whilst another reported negative interpretation biases in daughters of depressed mothers [26] . Moreover, among maltreated young adults, those with greater negative interpretation bias were more likely to experience symptoms of depression [27] .
Memory Biases
Depression may be associated with enhanced recall of negative material, reduced recall of positive including autobiographical material and overgeneral memory. Research in youth depression is mixed in relation to the enhanced recall of negative material [28] . Early studies have reported group differences between depressed and non-depressed youth in enhanced recall of negative compared with positive selfreferent adjectives [29, 30] . However, other studies have not replicated (or only partly replicated) this finding in patients versus controls [31, 32] , or in currently, previously and never depressed youth following a negative mood induction [33] . Mixed results have also been found among community youth. One study found no evidence of an association between negative words and depressive symptoms [11] whilst two other studies reported that enhanced recall of negative stories [34] or reduced recall of positive material was associated with depressive symptoms [35] . In terms of whether memory biases for self-referent words represent a risk factor for depression, one study assessed this bias in daughters of depressed mothers [36] . They found no negative memory bias in daughters of depressed versus non-depressed mothers unless the COMT Val158Met polymorphism was taken into account, which plays a key role in regulating pre-frontal dopamine activity.
Autobiographical memory relates to the ability to recollect facts and personal events from one's life [37] . Overgeneral memory (OGM) is a phenomenon where individuals have difficulty retrieving specific autobiographical memories and instead generate categorical or extended memories. A recent review of 17 articles concluded that OGM predicts depression in young people [38•] with moderate-to-large effect sizes [39, 40] . There has also been some investigation of whether OGM marks risk for depression. In females with elevated symptoms of depression, OGM predicted depression a year later [41] . Moreover, in 10-to 18-year-old healthy girls at familial risk of depression, OGM predicted depression 1 year later [40] . Many studies also support a relationship between trauma exposure (a risk factor for adolescent depression) and OGM in young people with moderate-to-large effect sizes, across a range of trauma types [42] [43] [44] .
Executive Function and Cognitive Control Difficulties
Higher order neurocognitive processes, notably executive function (EF), which encompasses working memory, attention flexibility and inhibitory control, are important for goaldirected behaviour-cognitive control. These executive processes develop throughout childhood and adolescence [45] and have been linked to depression [46] as underpinning associated patterns of information processing biases. Research investigating executive functioning in depressed youth has been mixed. A recent review concluded that there is little support for deficits in EF [47•] , in particular in response inhibition, attentional set shifting, selective attention, verbal working memory and verbal fluency. More studies were needed to investigate potential deficits in spatial working memory processing, sustaining attention, planning and decision-making. Given links between these cognitive deficits with the chronicity (number of episodes), age and severity of depression in adults, it is unsurprising that research is mixed in youth where depression is likely to be part of a first episode. For example, difficulties on the Wisconsin Card Sort Task (measures setshifting-ability to flexibly shift in response to changing schedules of reinforcement) are found for groups with major but not minor depression [48] . A large community study examined the relationship between neurocognitive functioning and affective symptoms [49] . Longitudinally, only response inhibition scores in girls at baseline predicted affective difficulties at a 5-year but not 2.5-year follow-up. The authors suggested that it might be a prodromal factor linked to late rather than early-onset depression.
Some studies have measured executive function during the presentation of emotional stimuli, so-called hot cognitive control tasks. Under emotional task conditions, depressed youths are more likely to allocate attention to negative stimuli (compared with controls), thus affecting task performance [50-52, although see : 22] .
Summary
Whilst data in youth are fewer, depression-linked effects in youth are reasonably consistent with adult findings, with some notable exceptions, which could be due to authentic developmental differences or artefacts of the extension of adult methodologies to adolescent samples. It would perhaps be more informative to create new paradigms for adolescent samples, considering the task instructions and parameters in the context of cognitive development and/or the use of emotional stimuli that are more salient for young people, such as peer relationships. Drawing across studies of attention biases suggests difficulties in the voluntary (and flexible) deployment of attention towards and away from emotional stimuli. There also appears to be robust evidence for biases in interpretation and OGM. Most evidence implies that there is not a general deficit in EF in adolescent depression. Whether biases in attention and interpretation represent cognitive markers of risk for adolescent depression need further empirical investigation. However, there is more robust data suggesting that individuals at-risk for depression because of an early life adversity show overgeneral memories.
Brain Circuitry Dysfunctions in Youth with Depression
Data from adults suggests that depression-linked maladaptive information processing patterns may co-occur/arise from brain circuitry dysfunctions [53, 54] . However, it is important to establish these associations independently in adolescence, given the protracted maturation of neural regions involved in higher-level cognition, namely an increased surface area of the cortex [55, 56] during this juncture. Such developmental changes could alter the relationship between brain circuits, information processing and symptoms of depression. Because of their capacity to more precisely map the spatial correlates of activation in response to stimuli and performance demands presented across a time series, functional MRI (fMRI) methods have been used to infer patterns of brain circuit dysfunction in youth depression (and those at-risk for depression). Two reviews of fMRI studies conducted in youth with depression have been published recently [57••, 58••]. The first used a systematic search to identify 20 fMRI studies of emotion processing, affective cognition, reward processing and cognitive control; performing a quantitative analysis of effect sizes of between-group differences across tasks, the authors reported robust functional differences in the ventromedial prefrontal cortex (vmPFC), including orbitofrontal cortex (OFC), and amygdala, with differences in the dorsolateral prefrontal cortex (dlPFC) also emerging. In the second, a meta-analysis of whole-brain between-group differences across 14 studies of affective processing and executive function, Miller and colleagues (2015) reported that depressed youth showed hyperactivation in left dlPFC, left subgenual anterior cingulate cortex (ACC), right anterior insula, bilateral thalamus, left parahippocampal gyrus, and left superior temporal cortex as well as hypoactivity within the right caudate, compared with those without a history of depression [58••] . Whilst across these reviews, dysfunctions in several distributed brain networks are suggested during information processing, it is more interesting to examine neural dysfunctions that emerge to specific stimuli, or whilst performing a particular cognitive task. Furthermore, since these two reviews, more studies that assess patterns of neural activation during specific cognitive-affective tasks have been conducted. To better interpret these findings, we divide studies into those that probe neural anomalies during emotion processing, emotion regulation, reward processing and executive function or cognitive control tasks.
Neural Abnormalities during Emotion Processing
fMRI studies of emotion processing are those in which emotional, usually negative stimuli such as fearful or sad faces are presented, aiming to probe involuntary responses to these stimuli relative to neutral stimuli. Across their review, Kerestes and colleagues (2014) reported consistent evidence of hyperactivity in the amygdala and altered connectivity between the amygdala and ACC among youth with depression [57••]. Somewhat deviating from these findings, Miller and colleagues (2015) found group differences within the left dlPFC, bilateral thalamus and left parahippocampal gyrus emerged during affective processing (although they also included studies examining positive emotions) [58••] . Other studies have also underscored altered amygdala activity in association with youth depression; one study reported that adolescent depression was associated with increased amygdala activity to negative facial expressions, compared with healthy controls [59] whilst another reported a positive relationship between amygdala reactivity to sad faces (but not happy, fearful or neutral) and depression symptom severity [60] . In contrast, studies utilising more explicit methods to tap emotional responses (e.g. labelling) have not reported significant depression-linked differences in amygdala reactivity [60, 61] . In terms of ACC findings, two recent studies found that compared with healthy controls, depressed adolescents had reduced reactivity in the left and subgenual ACC to threat faces [62, 63] . However, a third showed increased activation of the medial prefrontal cortex (mPFC) and posterior cingulate cortex (PCC) during emotion processing in depressed adolescents compared with healthy controls [64] . Two studies have investigated functional connectivity (FC) between the amygdala and ACC during emotion processing. Depressed youth had significantly higher FC between the mPFC and the left amygdala than healthy controls, particularly whilst viewing sad faces [63, 64] .
A handful of studies have examined amygdala reactivity in adolescents at high or low familial risk for depression. Two studies found that fear faces elicited higher bilateral amygdala activity among high-risk participants compared with low-risk participants, independent of current depression [65, 66•]. However, Burkhouse and colleagues (2017) did not replicate these group differences in their high-and low-risk sample [67] . In the Swartz et al. (2014) study, left amygdala reactivity to threat in the high-risk group also showed complex interactions with age and life stress [66•] . Although no significant differences in ACC reactivity to threat faces have been found between high-risk and low-risk adolescents [65] , reduced ACC activity among high-risk adolescents has emerged in response to happy faces.
Neural Abnormalities during Emotion Regulation
fMRI studies of emotion regulation are those using tasks that assess the cognitive regulation of emotion including involuntary and voluntary processes. Similar to the findings of emotion processing, Kerestes and colleagues (2014) found that studies they termed "affective cognition" reported elevated amygdala activation in depressed youth with preliminary evidence of altered connectivity with the mPFC [57••] . Since this review, a handful of studies have investigated neural activity during cognitive reappraisal. Findings have been mixed for group differences in amygdala involvement during cognitive reappraisal. Three recent studies found no significant group differences in amygdala activity [68] [69] [70] , although one of these [68] did find that depression symptom severity correlated significantly with reduced amygdala activity during reappraisal of sad faces compared with passive viewing. In contrast, Stephanou and colleagues (2017) found that adolescent depression was associated with a significantly reduced ability to decrease negative affect during reappraisal compared with controls, which corresponded to reduced regulation of amygdala activity [71] . These studies have also investigated differences in prefrontal regions: two studies reported no significant differences in prefrontal activity [69, 70] whilst a further two demonstrated prefrontal (vmPFC, left inferior frontal gyrus) hyperactivity in adolescent depression compared with healthy controls [68, 71] . In terms of FC, connectivity between frontal regions (including the dorsomedial PFC, dlPFC, left ACC, subgenual ACC) and the insula and amygdala was reduced in depressed youth compared with healthy controls during cognitive reappraisal [69, 72] . However, Platt and colleagues (2015) found increased FC during reappraisal between the right frontal pole and multiple neural regions, including the cerebellum, fusiform gyrus and bilateral amygdala [70] .
Neural Abnormalities during Reward Processing
Studies of reward processing are those that measure the selection, anticipation and consumption phases of monetary and social reward. In the systematic review by Kerestes and colleagues (2014), reasonably consistent findings of diminished striatal activation during reward anticipation and outcome were found with some data also suggesting reduced activation in the ACC and OFC [57••] . Consistent with this, a recent study investigating a sample of female adolescents found that activity in the ventral striatum during reward anticipation decreased in a graded manner from healthy controls to individuals with current subthreshold depression, and individuals with current clinical depression [73] . Similar findings have been reported during reward outcome: ventral striatum reactivity was negatively correlated with depression severity in a clinical adolescent sample [74] . Some studies [75] have also found reduced activity in the pregenual ACC during anticipation of rewards in adolescents with high levels of depressive symptomology, compared with those with lower levels. Jin and colleagues (2017) also found that reduced activity in the OFC during reward outcome was associated with increased depressive symptoms [76] . Finally, boys with a history of depression showed heightened positive connectivity between the nucleus accumbens (part of the ventral striatum) and the mPFC relative to boys with no psychiatric history during reward outcome [77] . This increased frontostriatal connectivity was also associated with a greater number of depressive episodes in the boys' lifetime.
Some of these neural patterns have been found to predict subthreshold or clinical depression across time; Stringaris and colleagues reported that reduced striatal reward anticipation was associated with symptoms 2 years later [73] whilst Jin and colleagues (2017) showed that reduced OFC responses predicted depressive symptoms 9 months later [76] . Among individuals of high familial risk, there was a noted absence of significant ventral striatum activation during reward anticipation and outcome in one study [78] . Olino and colleagues (2014) also found ventral striatum hypoactivity in high-risk adolescents during reward anticipation and outcome, compared with low-risk participants. Controlling for youth selfreported depression, familial risk continued to be associated with ventral striatum activity during reward anticipation but not outcome [79] . However, in contrast to these findings of striatal hypoactivity, one study has reported that high familial risk adolescents showed longitudinal increases in ventral striatum and dlPFC activity to rewards during risk-taking [80] .
Neural Abnormalities during Executive Function (Cognitive Control) Tasks
fMRI studies of executive function in adolescent depression have usually probed selective and sustained attention and/or response inhibition. In the Kerestes et al. (2014) systematic review, different neural correlates were identified for these two types of task: whilst studies probing attention reported altered fronto-cingulate activation (in dorsolateral and ventrolateral PFC), studies measuring neural activations during response inhibition tasks reported altered ACC activation and co-activation with vmPFC [57••] . In contrast, in the metaanalysis performed by Miller and colleagues (2015) , depression-linked differences in the right dorsal cingulate cortex, right dorsal anterior insula and left cuneus emerged [58••] . Recently, Diler and colleagues (2014) found that depressed adolescents had significantly higher activity in the left superior temporal gyrus and left caudate during response inhibition, compared with controls [81] . In comparison, Ho and colleagues (2017) found that, compared with healthy controls, depressed adolescents had limited changes in FC between resting state and during a response inhibition task (inflexible FC). This inflexible FC was found between the right dorsal ACC and the medial frontal gyrus significantly predicted reduced performance during the response inhibition task [82] .
Using emotional versions of these inhibitory tasks, one study found that during sad inhibition trials, there were significant effects of group (depression vs healthy controls) and sex on neural activity. Male adolescents with depression demonstrated significantly reduced activity in the supramarginal gyrus, PCC and cerebellum compared with healthy controls [83] but no significant activation differences were observed during happy inhibition trials. In addition, Colich, Foland-Ross, Eggleston, Singh and Gotlib (2016) found that adolescents with depression had decreased activity in the right dlPFC and in the bilateral occipital cortex to sad inhibition trials, but similarly, not during happy inhibition trials, compared with controls [84] . Together, these findings suggest that adolescent depression is associated with reduced activity in several neural regions when inhibiting responses to sad facial expressions.
Possibly because of the inconsistency of findings, no studies have investigated whether neural response patterns in youth depression comprise a risk marker.
Summary
Patterns of neural differences between adolescents with and without a history of depression (or low and high familial risk) are inconsistent across studies, possibly as adolescent depression is a heterogeneous condition, with different symptom dimensions associated with anomalies within the functioning of different neural circuits. Because studies tend to select samples on the basis of general depressive symptoms rather than one specific symptom dimension, this may attenuate any strong associations with neural anomalies that emerge during the performance of a cognitive task. Somewhat consistent with this interpretation, aggregated findings point to anomalies in several distributed but overlapping neural circuits. Future studies may wish to select on the basis of symptom dimensions such as anhedonia, poor working memory, rather than overall depression symptoms. To enable inferences on whether these neural anomalies explain reported biases in information processing (attention flexibility, interpretation biases, over-general memory), cognitive-affective tasks used during fMRI data acquisition need to be more carefully designed to isolate cognitive biases rather than generally affective-processing. One can tentatively speculate that neural abnormalities emerging from studies of cognitive reappraisal may explain biases in interpretation, but beyond this, it is difficult to directly attribute neural findings from emotion processing, reward processing and emotional inhibition to biases in voluntary attention deployment or memory biases and overgeneral memories. As with studies designed to measure information processing biases, tasks using affective stimuli that are more salient for young people may be more sensitive in assessing neural differences in relation to depression.
Conclusions
To summarise, there is reasonably consistent data to suggest that biases in attention, interpretation and memory characterise adolescents with depression, with some preliminary data suggesting that these could also comprise cognitive precursors of risk. Adolescent depression is also linked with dysfunctions within several distributed brain networks, but the precise involvement of these brain regions in precipitating symptoms, through biased information processing, is much less clear-cut. This places greater emphasis on interventions designed to target biased information processing. Consistent with this, there have been attempts to modify patterns of attention and interpretation biases through cognitive bias modification training techniques in depressed adolescents [22, 85] . There have also been efforts to challenge OGM through therapeutic techniques aimed at increasing memory specificity in young people [86•] . Once the linkages between patterns of brain dysfunctions and adolescent depression are more clearly delineated, targeting these using neurofeedback training could be viable. Adult studies have shown the potential of fMRI-based neurofeedback in improving dysfunction in several neural regions, including the mPFC, amygdala and ventral striatum [87, 88] and we have recently demonstrated its feasibility in young people [89••] , underscoring this as an important intervention for targeting neural abnormalities using cognitiveregulatory processes in adolescent depression.
